Introduction {#Sec1}
============

Optical vortices Polarization singularities carried by optical vector fields have raised great interest due to their unique spatial polarization patterns^[@CR1]--[@CR12]^. As one kind of topological defects, polarization singularities represent the points in space that are elliptic dislocations of electromagnetic field and exhibit fine and complicated polarization topological structures, which exist widely in nature such as speckle fields, skylight and oceanography^[@CR13]--[@CR17]^. The polarization of electric field is generally described by a polarization ellipse with its orientation angle and ellipticity angle. The space-variant polarization ellipses will form a certain topological structure of the elliptically polarized field, which mainly includes the polarization singularities of *C*-points and *L*-lines. The *C*-points and *L*-lines are located at the positions with the undefined orientation and handedness of the polarization ellipse, where the *C*-points are points of circular polarization surrounded by polarization ellipses with the rotation angles defined by the topological index, and the *L*-lines represent lines of linear polarization separating the left- and right-handed elliptically polarized zones^[@CR18]--[@CR20]^. There exist different polarization topological structures for the *C*-point polarization singularities associated with lemon, star, monstar, dipole and quadrupole with the topological index of ±1/2, and spiral with the topological index of +1.

The common methods to generate polarization singularities are based on speckle fields or light propagation through inhomogeneous birefringent media^[@CR21]--[@CR23]^. It has been demonstrated that the Poincaré beams which are superimposed by two orthogonally polarized Laguerre--Gauss (LG) modes with different orders can be used to generate polarization singularities^[@CR24]--[@CR28]^. However, complicated interferometer setups need to be implemented to combine two or three different optical beams together with the extra diffractive optical elements such as spatial light modulators and Fourier transform lenses. Recently, the geometric metasurfaces fabricated in ultrathin metallic films have been developed to manipulate light phase and polarization^[@CR29]--[@CR34]^. Since the geometric phase originates from polarization conversion rather than optical path difference, the geometric metasurfaces have no dispersion and can operate in a broadband spectrum. The geometric metasurfaces have been widely used for realizing the wavefront shaping devices such as flat optical lenses^[@CR35]--[@CR40]^, vortex beam converters^[@CR41]--[@CR44]^, optical holograms^[@CR45]--[@CR49]^, and wave plates^[@CR50]--[@CR53]^.

In this paper, the polarization singularities are directly generated by the plasmonic geometric metasurfaces made of V-shaped nanoslit antenna arrays. Based on the design principle of Poincaré beams, six different morphologies of polarization topological structures for the *C*-point polarization singularities associated with lemon, star, monstar, spiral, dipole and quadrupole are created by the superpositions of LG modes with different orders under orthogonal circular or linear polarization basis. With only one single metasurface, the off-axis propagated right- and left-handed circularly polarized (RCP and LCP) LG modes are generated simultaneously and superimposed to prepare the Poincaré beams for tailoring the polarization singularities. The polarization ellipse patterns and topological features of the produced optical vector fields are analyzed to reveal the properties of the polarization singularities of *C*-points and *L*-lines. Furthermore, the orbital angular momentum states are also measured by the optical interference. The demonstrated polarization singularities generated from the geometric metasurfaces will promise many potential applications related to optical polarization imaging, metrology, optical trapping, hybrid entanglement of polarization and OAM, and quantum information processing^[@CR54]--[@CR58]^.

Results {#Sec2}
=======

Design of geometric metasurface {#Sec3}
-------------------------------

The V-shaped nanoslit antenna is adopted to construct the plasmonic geometric metasurface. As shown in Fig. [1a](#Fig1){ref-type="fig"}, the V-shape nanoslit is etched in a gold film with thickness of 50 nm on glass substrate using focused ion beam (FIB). The V-shape nanoslit has the width of 60 nm, the arm length of 180 nm, the included angle between two arms Θ of 60°, and the unit cell period of 330 nm. The orientation angle *θ* of the V-shape nanoslit is defined as the angle between the vertical axis and the symmetry axis of the nanoslit. The metasurface contains V-shape nanoslit arrays with the same geometry but different rotation angles. As the original circularly polarized light transmits through the nanoslit unit cell, the transmitted beam consists of the converted spin component with the introduced geometric phase shift and the original spin component without phase shift. For RCP incidence the transmitted LCP component has a geometric phase shift of 2*θ*, while for LCP incidence the transmitted RCP component has a reversed geometric phase shift of −2*θ*^[@CR59],[@CR60]^. Figure [1b](#Fig1){ref-type="fig"} shows the simulated electric field \|E\| distributions at the wavelength of 633 nm, and it indicates strong polarization anisotropy where the intensity is mainly located in the right or left arm for the RCP or LCP component. Figure [1c](#Fig1){ref-type="fig"} is the scanning electron microscope (SEM) image of the fabricated homogeneous array of V-shape nanoslits, with the simulated and measured transmission spectra presented in Fig. [1d](#Fig1){ref-type="fig"}. The original spin transmission is defined as the power ratio between the transmitted RCP component and the incident RCP beam, while the converted spin transmission is defined as the power ratio between the converted LCP component and the incident RCP beam, and the polarization conversion efficiency (CE) is defined as the power ratio between the converted LCP component and the total transmitted beam. From Fig. [1d](#Fig1){ref-type="fig"}, it is observed that the maximum conversion efficiency is around 43% near the wavelength of 700 nm, where the plasmonic resonance occurs.Figure 1(**a**) Schematic of the V-shape nanoslit at the orientation angle *θ*. (**b**) Simulated electric field \|*E*\| distributions of V-shape nanoslit under circular polarizations at 633 nm. (**c**) A SEM image of the homogeneous V-shape nanoslit array. (**d**) Simulated and measured transmission spectra under circular polarizations.
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The metasurface is designed to generate the optical vector field represented by Eq. ([1](#Equ1){ref-type=""}). In order to separate the converted spin component from the original spin component, the geometric phase profile of the metasurface is imposed with a linear phase gradient. Thus, the converted spin component is deflected by an off-axis angle with respect to the original spin component, so that the incident LCP or RCP beam is converted into two off-axis propagated RCP or LCP beam, as shown in Fig. [2a](#Fig2){ref-type="fig"}. As the input beam is linearly polarized, the output converted beam will be the superposition of both the RCP and LCP components. It is noted that even though the output converted beam is circularly polarized, **e**~1,2~ in Eq. ([1](#Equ1){ref-type=""}) can be under linear polarization basis. In this situation, the basis transformation is adopted to transform linear polarization basis into circular polarization basis as $\documentclass[12pt]{minimal}
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Characterization of polarization singularities {#Sec4}
----------------------------------------------

Figure [3](#Fig3){ref-type="fig"} shows the simulated and experimental results of the six different morphologies of polarization topological structures for the *C*-point polarization singularities associated with lemon, star, monstar, spiral, dipole and quadrupole. Figure [3a](#Fig3){ref-type="fig"} displays the simulated intensity distributions for the produced Poincaré beams. Figure [3b](#Fig3){ref-type="fig"} plots the polarization ellipse patterns calculated from the Stoke parameters. Figure [3c](#Fig3){ref-type="fig"} shows the corresponding polarization topological structures, which is plotted by connecting the semimajor axes of the polarization ellipses. Figure [3d--f](#Fig3){ref-type="fig"} are the corresponding measured results of intensity distributions, polarization ellipse patterns and topological structures. The Stokes parameters of *S*~0~, *S*~1~, *S*~2~ and *S*~3~ are obtained by using a quarter-wave plate and a linear polarizer in order to determine the spatially variant polarization distributions^[@CR62]^. The optical intensities of *I*~0~, *I*~1~ and *I*~2~ are measured by removing the quarter-wave plate and rotating the transmission axis of the linear polarizer into the angles of 0°, 45° and 90°, and the optical intensity of *I*~3~ is measured by reinserting the quarter-wave plate and rotating the fast axis of the quarter-wave plate into 90° and the transmission axis of the linear polarizer into 45°. Then the Stokes parameters can be obtained by the following equations:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{array}{c}{S}_{0}={I}_{0}+{I}_{2}\\ {S}_{1}={I}_{0}-{I}_{2}\\ {S}_{2}=2{I}_{1}-{I}_{0}-{I}_{2}\\ {S}_{3}=2{I}_{3}-{I}_{0}-{I}_{2}\end{array}$$\end{document}$$Figure 3(**a**) Simulated intensity distributions, (**b**) polarization ellipse patterns, and (**c**) polarization topological structures of six different morphologies. (**d**--**f**) Experimental results corresponding to (**a**--**c**). The left-handed polarized ellipses are marked by red color, and the right-handed polarized ellipses are marked by blue color, and the linear polarization states are marked by green color. The *L*-lines are marked as black dotted lines, and the radial polarization lines are marked as red dashed lines.

After obtaining the Stokes parameters, the azimuth angle *ϕ* and the ellipticity *ε* of the polarization ellipse can be calculated as *ϕ* = 1/2∙arctan(*S*~2~*/S*~1~) and $\documentclass[12pt]{minimal}
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                \begin{document}$$\varepsilon =\,\tan (1/2\cdot \arctan ({S}_{3}/\sqrt{{S}_{1}^{2}+{S}_{2}^{2}}))$$\end{document}$, where *ϕ* is the rotation angle of the semimajor axis of the ellipse. The polarization ellipse is also characterized by the polar angle *χ*, which is related to the ellipticity *ε* = *b*/*a* with tan(π/4 − χ) = *ε*, where *a* and *b* are the semimajor and semiminor axes of the ellipse. The values of the azimuth angle *ϕ* and the polar angle *χ* can be calculated by^[@CR24]^$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{array}{c}\phi =({P}_{R}-{P}_{L})/2\\ \chi =\arctan \frac{{A}_{L}}{{A}_{R}}\end{array}$$\end{document}$$where *P*~*L*,*R*~ and *A*~*L*,*R*~ are defined in Eqs. ([4](#Equ4){ref-type=""}) and ([5](#Equ5){ref-type=""}), and *χ* takes the value between 0 and π/2 with 0 ≤ *χ* \< π/4, *χ* = π/4 and π/4 \< *χ* ≤ π/2 for the polarization states of LCP, LP and RCP, respectively. According to Eq. ([8](#Equ8){ref-type=""}), the handedness of polarization ellipse is left-handed when *A*~*L*~ \> *A*~*R*~ and right-handed when *A*~*L*~ \< *A*~*R*~, but the handedness is undefined for linear polarization state with *A*~*L*~ = *A*~*R*~. It is also noted that the azimuth angle *ϕ* is half of the phase difference between the RCP and LCP components. The *C*-point is defined as the isolated points with circular polarization state, and the surrounding polarization ellipses rotate about the *C*-point. Around the circuit enclosing the *C*-point, the azimuth angle *ϕ* of the ellipse turns through an angle Δ = ∫*dϕ* = ±π or ±2π which corresponds to π-symmetric or 2π-symmetric fields with the topological index *I* = Δ/2π = ±1/2 or ±1^[@CR18]^, representing the half- or integer-index topologies for the *C*-point polarization singularities^[@CR20]^. With the undefined handedness of polarization ellipse, the *L*-line polarization singularity is located at the curve along which the polarization state is LP with *A*~*L*~ = *A*~*R*~. As shown in Fig. [3b](#Fig3){ref-type="fig"}, the *L*-lines represents the borders separating the left- and right-handed polarized areas, which are marked as black dotted lines. Furthermore, the morphologies of polarization topological structures can also be characterized by a special line called the radial polarization line at which the semimajor axis orientation of polarization ellipse is radial, which is marked as red dashed line in Fig. [3](#Fig3){ref-type="fig"}.

The lemon morphological structure is generated from the Poincaré beam with the superposition of RCP $\documentclass[12pt]{minimal}
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                \begin{document}$$L{G}_{0}^{1}$$\end{document}$ mode has zero intensity at the beam center *r* = 0, the polarization state at the beam center is completely LCP where the *C*-point is located. The azimuth angle *ϕ*(*r,φ*) for lemon is calculated as $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi (r,\varphi )=[{\rm{\arg }}(L{G}_{0}^{1})-\text{arg}(L{G}_{0}^{0})]/2=\varphi /2$$\end{document}$. The polarization ellipses rotate counterclockwise around the *C*-point and the total rotation angle Δ = +π, so that the lemon is a half-index singularity with the topological index *I* = +1/2. As *r* increases, the intensity of LCP $\documentclass[12pt]{minimal}
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                \begin{document}$$L{G}_{0}^{0}$$\end{document}$ components have the equal intensity and the polarization state is LP. As *r* \> *r*~0~ the intensity of RCP component becomes larger than that of LCP component, so the polarization ellipticity decreases and the handedness becomes right-handed. From the polarization ellipse patterns of Fig. [3b](#Fig3){ref-type="fig"}, it can be seen that the *L*-line is located at the circle *r* = *r*~0~ where the polarization state is LP marked by green color, while inside the circle *r* \< *r*~0~ the polarization is left-handed marked by red color and outside the circle *r* \> *r*~0~ the polarization is right-handed marked by blue color. Besides, there is only one radial polarization line located at *ϕ*(*r*, *φ*) = 0 for lemon structure, which is marked as red dashed line.

The star structure is formed by the superposition of RCP $\documentclass[12pt]{minimal}
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                \begin{document}$$L{G}_{0}^{0}$$\end{document}$ mode. Same as lemon, the *C*-point of star is located at the beam center *r* = 0 with pure LCP state. The azimuth angle for star is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi (r,\varphi )=[\text{arg}(L{G}_{0}^{-1})-\text{arg}(L{G}_{0}^{0})]/2=-\,\varphi /2$$\end{document}$, and the polarization ellipses rotate clockwise around the *C*-point with the total rotation angle Δ = −π, so the star is a half-index singularity with the topological index *I* = −1/2. As *r* increases, the polarization state changes from pure LCP to left-handed elliptically polarized inside the circle *r* \< *r*~0~ to LP at the circle *r* = *r*~0~ ≈ 14 µm where the *L*-line is located, and becomes right-handed elliptically polarized outside the circle *r* \> *r*~0~. The star structure has three radial polarization lines located at *ϕ*(*r,φ*) = 0, 2π/3 and 4π/3, which are marked as red dashed lines. The monstar structure is constructed from the superposition of LCP $\documentclass[12pt]{minimal}
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                \begin{document}$$L{G}_{0}^{1}\sqrt{3}/2-L{G}_{0}^{-1}/2$$\end{document}$. Similar to lemon, the polarization ellipses rotate counterclockwise around the *C*-point at the beam center with Δ = +π and the topological index *I* = +1/2. The *L*-lines are located at two horizontal lines of $\documentclass[12pt]{minimal}
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                \begin{document}$$L{G}_{0}^{0}$$\end{document}$ mode. The *C*-point of spiral is also located at the beam center with pure LCP state. The azimuth angle *ϕ*(*r*, *φ*) = *φ* + π/4 and the polarization ellipses rotate counterclockwise around the *C*-point with Δ = +2π, so that the spiral is an integer-index singularity with the topological index of +1. As *r* increases, the polarization state changes from pure LCP to left-handed elliptically polarized with the reduced ellipticity in the zone *r* \< *r*~1~. At the circle $\documentclass[12pt]{minimal}
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                \begin{document}$$L{G}_{0}^{0}$$\end{document}$ modes have the equal intensity and the polarization state is LP where the *L*-line is located. In the zone *r* \> *r*~1~, the polarization state becomes right-handed elliptically polarized.

The dipole and quadrupole morphological structures are formed by the superposition of two LG modes under orthogonal linear polarization basis. The dipole structure is constructed by the superposition of HLP $\documentclass[12pt]{minimal}
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                \begin{document}$${A}_{R}=|{\psi ^{\prime} }_{R}|$$\end{document}$ have the equal intensity, and the polarization state is left-handed elliptically polarized above the *L*-line and right-handed elliptically polarized below the *L*-line. Along the *L*-line at *y* = 0, the intensity of VLP $\documentclass[12pt]{minimal}
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                \begin{document}$$L{G}_{0}^{1}$$\end{document}$ component increases, so that the combined LP rotates counterclockwise. And as *x* changes along the negative *x*-axis, the combined LP rotates clockwise. There are two *C*-points in the half-index dipole structure, one is located at (*x* = 0, *y* = +14 µm) with pure LCP state and the topological index *I* = +1/2, while the other is located at (*x* = 0, *y* = −14 µm) with pure RCP state and the topological index *I* = −1/2. The quadrupole structure is formed by the superposition of HLP $\documentclass[12pt]{minimal}
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                \begin{document}$${A}_{R}=|{\psi ^{\prime} }_{R}|$$\end{document}$ have the equal intensity. The polarization state is left-handed elliptically polarized in the zones (*x* \> 0, *y* \> 0) and (*x* \< 0, *y* \< 0), and right-handed elliptically polarized in the zones (*x* \> 0, *y* \< 0) and (*x* \< 0, *y* \> 0). At the center point (*x* = 0, *y* = 0), the polarization state is pure HLP. As *x* varies along positive or negative *x*-axis, the amplitude of VLP $\documentclass[12pt]{minimal}
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                \begin{document}$$L{G}_{0}^{2}$$\end{document}$ component decreases, so the combined LP rotates clockwise. There are four *C*-points in the half-index quadrupole structure, two of them are located at (*x* = ±12 µm, *y* = ±12 µm) with pure LCP state and the topological index *I* = +1/2, while the other two are located at (*x* = ± 12 µm, *y* = ∓12 µm) with pure RCP state and the topological index *I* = −1/2.

Finally, the OAM states of the produced optical vector fields are also measured by the optical interference, where the Poincaré beams are interfered with a reference spherical wave under different polarization states and the results are shown in Fig. [4](#Fig4){ref-type="fig"}. The Poincaré beam is composed by two polarization components under orthogonal circular or linear polarization bases of $\documentclass[12pt]{minimal}
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It should be noted that in the current design only the geometric phase of metasurface is employed to generate the phase holograms for the polarization singularities, so that the amplitude information is dropped in Eq. ([6](#Equ6){ref-type=""}). In the design, two polarization singular beams are generated by the metasurface at two deflection angles, so that the efficiency for generating single polarization singular beam is half of the conversion efficiency of the metasurface, which is around 3% at the wavelength of 633 nm. In addition, the noise is introduced due to the dropping of the amplitude of hologram. To further increase the efficiency and reduce the noise, the method described in Ref. ^[@CR63]^ could be adopted to directly generate the vector beam fields with the designed elliptical polarization distributions.

Discussion {#Sec5}
==========

In summary, the polarization singularities are directly generated with plasmonic geometric metasurfaces via the designed Poincaré beams. Various morphological structures of lemon, star, monstar, spiral, dipole and quadrupole are created by the superpositions of Laguerre--Gauss modes with different orders under orthogonal circular or linear polarization basis. The polarization ellipse patterns and polarization topological structures are studied to understand the properties of the polarization singularities of *C*-points and *L*-lines, which are located at the positions with undefined orientation and handedness of the polarization ellipse, respectively. Furthermore, the componential OAM and total OAM of the produced optical vector field are also analyzed with the interference patterns, indicating that the total OAM takes the mean value of the two componential OAMs. The demonstrated polarization singularities generated from the metasurfaces will advance many related applications in optical polarization imaging, metrology, optical trapping, optical communication and quantum optics.

Methods {#Sec6}
=======

Simulations {#Sec7}
-----------

The CST Studio Suite software is employed to simulate the electric field distributions and transmission spectra in Fig. [1](#Fig1){ref-type="fig"} with periodic boundary conditions in the unit cell. The simulated intensity distributions and polarization ellipse patterns in Fig. [3](#Fig3){ref-type="fig"} are obtained from the Fresnel-Kirchhoff diffraction integral^[@CR64]^ and the Stokes parameters.

Sample fabrication {#Sec8}
------------------

Gold film with thickness of 50 nm is deposited on glass slide with electron-beam evaporation. The V-shaped nanoslits are milled with focused ion beam (30 kV, 9.7 pA). The metasurface contains 150 × 150 unit cells with V-shaped nanoslits at the designed orientation angles.

Optical characterization {#Sec9}
------------------------

The transmission spectra in Fig. [1c](#Fig1){ref-type="fig"} are measured with a white light source and a spectrometer. The circularly polarized light is obtained through a linear polarizer and a quarter-wave plate. In Fig. [2c](#Fig2){ref-type="fig"}, the optical beam from a HeNe laser at the wavelength of 633 nm is focused onto the metasurface sample through a 10× objective lens. Then the generated optical vector field is collected by a 20× objective lens at the deflection angle of *α* and imaged by a microscope system with a CCD camera.
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